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ABSTRACT 

This  study  provides  the first experimental  measurements of thermal 
accommodation  coefficients  between  liquids  and  high-temperature  gas.  Beams 
of uniformly  sized  droplets  were  sent  across 5 and 10 Torr  H2/CO/Oz/air 
flames  and  their  evaporation  rates  were  photographically  determined.  Drop- 
let   sizes  were on the  order of the  mean  free  path  in  the  flames (i. e . ,  
- 100 pm).  From  the  observed  evaporation  rates,  the  following  translational 
thermal  accommodation  coefficients  were  obtained  for  combustion  gases  at 

E-8, 0.22  & 0.10.  Apparently, only translational  energy  is  effectively  trans- 
ferred  from  the  gas  to  the  liquid;  the  measured  accommodation  coefficients 
are  in  agreement  (within  the limits of the  data)  with  predictions  based on 
Baule' s classical  theory,  in  which  the  surface of the  condensed  phase  is 
regarded  essentially  as a super-dense  gas.  Additionally,  measurements of 
the  decomposition  kinetics of sulfur  hexafluoride  and  perfluoro-octane  vapors 
in  10, 20, 40, and 100 Torr  H2/CO/02/air  flames  are  reported. 

. about 2500 K: water, 0.76 f 0.14;  perfluoro-octane,  0.17 & 0.04;  Freon - 

Kinetic  implications of the  results of this  study  to  engineering  evalua- 
tion of the  use of candidate  substances  as  re-entry  blackout  suppressants  are 
discussed. 
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VAPORIZATION AND DECOMPOSITION  KINETICS 

O F  CANDIDATE RE-ENTRY BLACKOUT  SUPPRESSANTS 

IN LOW-PRESSURE  FLAMES 

By Shelby C. Kurzius  and  Fredrik H. Raab 

AeroChem  Research  Laboratories,  Inc. 
a  subsidiary of Ritter  Pfaudler  Corporation 

Princeton, N. J. 

SUMMARY 

The first experimental  measurements of thermal  accommodation 
coefficients  between  liquids  and  high-temperature  gas  have  been  made  to 
facilitate  calculations of droplet  vaporization  rates in low-pressure  re-entry 
flow  fields  during  the  communications  blackout  interval.  Beams of uniformly 
sized  droplets  were  sent  across  5  and 10 Torr  H2/CO/02/air flames and  their 
evaporation  rates  were  photographically  determined.  Droplet  sizes  were on 
the  order of the  mean  free  path  in  the  flames (i. e., - 100 pm).  From  the 
observed  evaporation  rates,  the  following  translational  thermal  accommoda- 
tion  coefficients  were  obtained  for  combustion  gases  at  about 2500 K: water, 
0.76 & 0.14;  perfluoro-octane,  0.17 2 0.04;  Freon E-8, 0.22 2 0.10. 
Apparently, only translational  energy is effectively  transferred  from  the gas  
to the  liquid;  the  measured  accommodation  coefficients  are  in  agreement 
(within  the limits of the  data)  with  predictions  based  on  Baule’ s classical  
theory,  in  which  the  surface of the  condensed  phase is regarded  essentially 
as a super-dense  gas.  Extension of Baule’ s theory  to  free  molecular  super- 
sonic  flows (i. e. , to  directed  as  opposed  to  random  incident  gas  molecular 
fluxes)  leads  to  the  following  predictions  (for  spherical  droplets) of mean 
translational  thermal  accommodation  coefficients  in  high-velocity  dissociated 
a i r  (i. e . ,  N2/0) plasmas at 5000 K: water, 0.79; perfluoro-octane, 0.30; 
Freon  E-8,  0.47. 

Upon vaporization,  the  electron  scavenging  efficiency of candidate 
compounds  will  depend,  inter alia, on their  oxidative  decomposition  kinetics 
in  the  prevailing  thermal  environment.  Accordingly,  measurements of the 
decomposition  kinetics of sulfur  hexafluoride  and  perfluoro-octane  vapors 

” 
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in 10, 20, 40, and 100 Torr  Hz/CO/02/air  flames  were  undertaken.  Flame 
gases  were  sampled  through  quartz  probes  and  analyzed  mass  spectro- 
metrically.  From  the  resulting  decay  profiles it is  evident  that  in  the  low- 
pressure,  high-temperature  environments of these  studies,  sulfur  hexa- 
fluoride  decays  suprisingly  slowly,  whereas  perfluoro-octane  vapor  decays 
relatively  rapidly.  The  observed  decomposition  kinetics  are  expressed  in 
t e rms  of the  following  rate-determining  reactions  and  rate  constants: 

k = 3 x lo-'' exp (-70 000/RT) cc  sec- '   (T > 2500 K; p < 40 Torr) 

H + CaFls Products; 

k = 4 X lo-'' exp  (-4000/RT)  cc set" 

Interim SF6 and CaF18 vapor  decomposition  mechanisms  and  rate  constants 
for  use  in  low-pressure  re-entry  flow  field  blackout  calculations  are  sug- 
gested. 

INTRODUCTION 

A major  purpose of current  NASA Langley  re-entry  communications 
research  is to  understand  in  depth  (and  thereby  enable  optimization of) the 
mechanisms by which  externally  injected  atomized  liquid  jets  and  their  vapors 
interact  with  the  plasma  sheath  surrounding  high-altitude  re-entry  vehicles 
to alleviate rf communications  interference. To help  attain  this  goal, 
AeroChem  undertook  the  present  study  to  generate  required  information on 
(1)  the  thermal  accommodation  coefficients of liquids of interest  in  re-entry 
communications  blackout  suppression  and (2) the  kinetics of oxidative  decom- 
position of electrophilic  vapors of candidate  liquids  in  low-pressure,  high- 
temperature  environments.  Such  information  was  previously  unavailable  and 
is essential  in (1)  the  calculation of droplet  evaporation  rates  in  free  and  near 
free  molecule  regimes  and (2) the  evaluation of droplets  as  distributed  sources 

* Superscripts  indicate  reference  numbers  (see  page 33) .  
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of (perhaps)  chemically  short-lived,  strongly  electron-attaching  molecules 
in  re-entry  flow  fields  typified by those   en~oun te red"~  by Project  RAM 
vehicles  during  the  communications  blackout  interval.  Such  evaluation is 
the  subject of additional  studies, now in  progress,to  which  the  present  results 
a r e  intended to provide  useful  inputs. 

SYMBOLS 

a 

A 

A 

b 

B 

cP 
d 

e 

E 

h 

mLl 
k 

I 

L 

m 

m 

mtr  

M 

n 

nS 

- 
b 

intermolecular  spacing,  cm 

Arrhenius  rate  constant  [k = A exp ( -  E/RT)] pre-exponential  factor, 
cc  molecule"  sec" 

angstrom  cm) 

liquid  structural  parameter  defined by b = a / U M  

dimensionless  mass  flux  defined by Eq. (8) 

gas  specific  heat,  cal g-l K-' 

droplet  diameter,  cm 

elementary  charge, C 

Arrhenius  rate  constant [k = A exp ( -  E/RT)] activation  energy, 
cal  mole" 

Planck's  constant,  erg  sec 

standard  heat of formation  at  0 K, cal  mole-' 

Boltzmann  constant,  erg K-' molecule-';  or  rate  constant, 
cc  molecule-1  sec-l 

gas  mean  free  path,  cm 

latent  heat of vaporization,  cal g-' 

gas  molecular  mass,   g 

kinetic  mean  gas  molecular  mass  defined by  Eq. (2) , g 

net mass flux,  g  cm-'  sec" 

liquid  molecular  mass, g; or  non-specific  gas  species 

gas  number  density,  molecules  cc-l 

gas  number  density (at Ts) at  liquid  surface  saturation  vapor  pressure, 
molecules  cc-' 
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NA 

Nu 

NU0 

P 

Pr 
$ 1  

R 

Re 

Avogadro' s number,  molecules  mole" 

Nusselt  number 

Nusselt  number at zero  net mass flux 

pressure ,   Torr  

Prandtl  number 

net  heat flux, cal  cm-2  sec-l 

universal  gas  constant,  cal K-' mole-' 

Reynolds  number 

t t ime,  sec 

T temperature, K 

V mean  thermal  velocity,  cm  sec" 

V kinetic  mean  thermal  velocity  defined by Eq. ( 2 ) ,  cm  sec- '  - 

X mole  fraction 

a Langmuir  evaporation  coefficient  defined by Eq. ( 1  1) 

a translational  thermal  accommodation  coefficient 

T, D translational  thermal  accommodation  coefficient  for  directed  incident 
gas f l u x  

6 boundary  layer  thickness,  cm 

E Lennard-  Jones  molecular  potential  interaction  energy  parameter, 

X gas  thermal  conductivity,  cal K" cm"  sec" 

V reflection  coefficient of gas  molecules  striking  liquid  surface 

P density, g cc-l 

rs Lennard-  Jones  molecular  potential  collision  diameter,  cm 

erg  molecule-' 

r, summation 

4 flame equivalence  ratio:  ratio of stoichiometric to actual  oxidizer/ 
fuel  ratios 

s2 reduced  collision  integral  for  viscosity  (see  Ref. 29 ,  p. 524) 
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Subscripts 

D 

E-8 

HS 

i 

L 

m 

M 

S 

T 

1 

3 

co 

pertaining t o  directed (as opposed to random)  incident  gas  fluxes 

Freon E-8 

hard  sphere 

gas  species i (arbitrary) 

pertaining to  bulk  liquid 

pertaining to incident  gas  molecule 

pertaining to  liquid  molecule 

pertaining to  surface 

thermal 

pertaining to fictional  gas  envelope  one  mean  free  path  from  liquid 
surface 

volume  mean 

f ree   s t ream 

Superscript 

(1)  pertaining to single  gas  molecule-liquid  molecule  encounte'rs 

Miscellaneous 

- + quantities  following are  standard  deviations 

P I  number  density of species i, molecules  cc-' 
- mean  quantity 

I. BACKGROUND 

For  conceptual  purposes,  representative  high-altitude  re-entry  shock 
layer   parameters  of present  interest  can  be  considered to be  approximately 
as f o ~ o w s : ~  
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p : 10 Torr  

T : 5000 K 

1 : 100 p.m 

d3 : 10 p.m 

As  discussed  in  Ref. 5, predicted  atomized  jet  mean  droplet  sizes  in  represen- 
tative  flow  fields of interest  are  significantly  smaller  than  prevailing  mean 
free  paths. With respect to gas-droplet  interactions,  the  flows of present 
interest   are  thus  essentially  free  molecular.  In such  flows,  droplet  evapora- 
tion rates  are  directly  proportional  to  the  thermal  accommodation  coefficient 
a T of the  incident  high-velocity,  high-temperature  gases on the  relatively 
cool  liquid  surface. 6 J  However, a survey of the  literature  covering  the  period 
from the conception of the  thermal  accommodation  coefficient by Knudsen' in 
191 1 to  the  present  discloses only - one  quantitative  measurement of a for 
liquid  surfaces:  Alty  and Mackay'  found that a T for  water  vapor  molecules 
at 10°C incident  on a water  surface at O°C is 1.0.  As  can  be  inferred,  for 
example,  from  the  comprehensive  reviews of thermal  accommodation  coeffi- 
cients of gases  with  solid  surfaces by  Wachman  et al. , Io, Alty  and  Mackay' s 
result  can  not  be  extrapolated  to  high  gas  temperatures  with  confidence  since 
a T  is in general a complex  function of temperature.  Consequently,  in  high- 
altitude  re-entry  flow  fields  (in  which  the  temperature  difference  between  the 
incident  gas  and  evaporating  liquid  surface is several  thousand  degrees) a 
serious  lack of detailed  knowledge  regarding  actual  free  molecule flow evapora- 
tion  rates  has  existed. 

Similarly,   measurements at - low  pressures of high-temperature  oxida- 
tive decomposition  kinetics of electrophilic  vapors of potential  liquid  re-entry 
blackout  suppressants  have  not  previously  been  made.  The  kinetics of SF6 
decomposition  had,  however,  been  studied  in  flames by Fenimore  and Jones12 
at pressures   f rom 80 to 160 Torr  and  temperatures  from 1300 to 1940 K. 
Since  the  present  study  was  begun, SF6 decomposition  in  shock-heated  argon 
has  been  investigated by M ~ d i c a ' ~ ' ~ ~ ( a t  1060 Torr,  between 1700 and 2100 K) and 
by Bott,  Thompson,  and  Jacobs14  (between 100 and 3400 Torr  and 1700 and 
2050 K). The  latter  results  and  their  relation to those  obtained  in  the  present 
study at lower  pressures  and  higher  temperatures  are  discussed  in  Section 
III. B. 
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11. EXPERIMENTAL  APPROACH 

A. Droplet  Evaporation  Measurements 

In order  to measure  evaporation  rates of freely  moving  small  drop- 
le ts ,  it is necessary to either (1) follow  the  course of a single  droplet  in 
flight by high-speed  cinematography o r  stroboscopic  still  photography  or 
(2) using a beam of uniformly  sized  droplets of known velocity,  perform 
single-exposure  measurements at spatially  separated  stations.  The  former 
methods  require  (in  practice)  that a droplet  flight  distance  sufficiently  long 
for  appreciable  evaporation  to  occur  be  compatible  with  the film format at 
a magnification  high  enough to permit  accurate  size  measurement of the 
images.  Since  this  requirement  was  impossible  to  fulfill  in  the  present 
studies, we  employed  the  latter  method. 

Various  technique^'^-^^ for  the  production of uniformly  sized  liquid 
droplets  have  been  developed  since  1950,  most  recently by Schneider  et al. 
These  techniques  are  based on the  well-known  results of Lord  Rayleigh2' 
concerning  the  dynamic  instability of a cylindrical  liquid  jet  to  which a 
sinusoidal  wave  disturbance is imparted  (by  mechanical  vibration of the 
capillary). We have  followed  the  method of Schneider  et al. , 18, l9 which 
involves  the  use of an  audio  generator  and  power  amplifier  to  drive a piezo- 
electric  transducer  at  approximately  the  Rayleigh  instability  frequency of 
the  jet. A glass  capillary  carrying  the  liquid is secured  t ransverse to a 
simple  beam-mounted  piezoelectric  crystal  (see  Fig.  1). When the  crystal 
is vibrated,  the  liquid  jet  rapidly  disintegrates  into a beam of (initially) 
extremely  uniformly  sized  and  spaced  droplets,  whose  number  per  second 
is equal  to  the  driving  frequency  (see  Fig. 2). Droplet  size  can  be  varied 
within  certain  narrow limits at constant  mass  flow  rate by varying  the 
oscillator  frequency,or  capillaries of different  diameters  can  be  used  to 
obtain  various  droplet  sizes. With such a uniform  beam, it is   c lear ly  
unnecessary to measure  the  evaporation  rate of one particular  droplet  since, 
barring  coalescence  due to aerodynamic  drag  or  turbulent  wake  effects,  each 
droplet  will  have  an  identical  history  along a given  trajectory  in a given 
environment. (It will  be  seen  below,  however,  that  coalescence  did  occur to 
varying  degrees  in  some  cases.) 

A schematic  view of our  apparatus  (much of which  has  been  described 
previously21) is given  in  Fig. 3; injection  parameters  and  flame  character- 
i s t i c s   a r e  given  in  Tables I and 11, respectively.  The  capillaries  were  drawn 



f rom 3 mm glass  tubing,  scored  with a diamond  stone  and  broken  off,  leaving 
flat, smooth,  sharp-edged  orifices  which  were  accurately  measured by photo- 
micrography.  The  piezoelectric  transducers  were  Clevite  PZT-5B  Bimorphs, 
0.61 mni thick  and  silver-plated.  In-line  filtration of the  liquids  was by a 
Millipore 5 pm  Teflon filter. Beams of droplets  (distilled  water,  perfluoro- 
octane,*  and  Freon  E-8;  see  Table III for  liquid  properties)  were  initiated - 4 cm from  the  burner's  edge  and  were  directed  through  the  centers of 
19 cm-diam flat pre-mixed  flames, 10 cm  downstream of the  (uncooled) 
burner top.  To  avoid  flashing of the C8F18 at the  orifice, it was  necessary 
to  cool  the  capillary;  this  was  done by wrapping it in  water-soaked  cotton. 
Upon evacuation of the chamber the water  froze,  providing  satisfactory  cool- 
ing for the duration of a typical  run.  Freon  E-8, on the  other  hand,  has  such 
a high  viscosity  that it was  necessary  to  heat  the  capillary  in  order to get  this 

wire. 
liquid  out at all; this  was  accomplished  with a coil of resisbnce-heated  nichrome 

The flames used  were  H2/02,  H2/air, CO/O,, and  CO/air, all of 
which  had  an  equivalence  ratio + of 7/8 (it was  necessary,  however, to  
add  1.3  vol. % CH4 to  the CO flames to  stabilize  them,  since  hydrogen  atoms 
are essential to  CO combustion2z).  Chamber  pressures  were  either 5 o r  10 
Torr,  yielding  Knudsen  numbers  in  the  range  0.3 to 1.5  for  the  droplet  sizes 
used,  based on water  molecule  mean  free  paths  in  the  various  flames.  (Pre- 
liminary  experiments  performed at 2 and 20 Tor r  did  not  yield  useful  data.) 
An  optical  system  for  single-exposure,  bright-field,  ultrahigh-  speed  flash 
photography at a magnification of - 4.0 was  mounted  perpendicular  to  the 
jet  axis and  could  be  traversed  in  any  direction.  As  in  our  previous  study, 
the light  source  was  an EG &G Model 549 Microflash,  but the optics  used  in 
the present  work  consisted of a Miranda G 35 mm SLR camera body with a 
Schneider 300 rnrn f/5.6  Comparon  enlarging  lens  having  optimum  resolu- 
tion at a magnification of 4. We used  Kodak  High  Contrast  Copy film, devel- 
oped  in  Acufine  and  printed  on  Kodak  Polycontrast F paper.  Details of the 
calibration of this technique  for  the  measurement of microscopic  droplet 
sizes are given  in  Ref. 5. 

A significant  deviation  in  our  work  from  the  method of Schneider 
et al. lay  l9 is that we  did  not u se  their very  sophisticated  electrostatic  charg- 
ing  technique  for  pulsing  single  droplets  or small groups of droplets  out of 
the main  beam.  To  do s o  would have  required a prohibitively  large  invest- 
ment  in time and  funds to achieve the high  accuracy of droplet  trajectory 

* 3M Company,  St. Paul, Minn. 

t E.I. du Pont  de  Nemours,  Wilmington,  Del. 
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over a relatively  great  distance ( - 18  cm)  required  in  our  experiments. 
This  is  especially  true  in  consideration of the  fact  that  the  capillary  assembly 
was  inside a vacuum  chamber  in a hot,  extremely  corrosive  environment 
(during the C8F18 and  Freon E-8 runs,  virtually  everything in the chamber 
was  attacked  to  varying  degrees by hydrogen  fluoride  generated  in  the  flames). 
Because of the  desirability of pulsing  single  droplets  into  the  flames  to  avoid 
possible  coalescence  effects  and  flame  perturbation, we  put considerable 
effort  into  the  mechanical  chopping of the  droplet  beam by means of a high- 
speed  slotted  disc  placed  between  the  capillary  and  the  burner.  Although it 
was  possible,  with  the  correct  combination of disc  thickness,  slot  width, 
and  angular  velocity, to isolate  single  droplets at - 1 msec  intervals,   these 
droplets  followed  such  erratic  trajectories - -  apparently  due  to  the  severe 
aerodynamic  turbulence  generated by the  disc  (even at 5 Torr)  -- that they 
were  impossible  to  locate  (photographically)  in  the  flames.  Hence, this 
approach  was  ultimately  abandoned. 

Even  without  the  chopper,  beam  trajectory  remained a most   ser ious 
problem.  The  jets  in  our  experiments  frequently  tended to "walk" in the 
vacuum  chamber (i. e. , to  deviate  from  their  intended  trajectories  in a ran-  
dom  manner  and  for no apparent  reason)  enough  to  carry  them  up  to  a 
centimeter off center  in  any  direction at the  midpoint of the  flame.  Horizon- 
tal  deviation  was  the  most  troublesome,  since it almost  invariably put the 
droplets  out of focus;  the  droplets  were  too  small  to  be  seen  through  the 
camera  viewfinder  even  when in focus.  (Acceptable  focal  depth-of-field5 
is a function of droplet  diameter;  in  these  experiments it ranged  from 3 mm 
for  the  smallest to 9 mm for  the  largest  droplets.) In addition  to  the  effects 
of inherent  jet  instability,  the  droplets  tended to  be  blown  vertically  upward 
by the  flame  gases,  along  sweeping  curves  which  varied  with  the  flames; 
this  motion  required  compensatory  tracking  with  the  optics  and  burner. 
These  combined  factors  necessitated  a  brute-force  experimental  procedure, 
wherein  the  effective  photographic  area ( - 6 x 9 m m )  was  swept  up  anddown 
and  the  focus  swept  in  and  out at a  given  lateral  position  in  the  flame  in  order 
to find  the  droplets  and  get  them  into  acceptable  focus.  The  net  result  was 
a frustratingly  low  efficiency  in  data  collection,  typically 1 to 2% (i. e., 
approximately 50 to 100 photographs  were  required  for  each  one  which  proved 
useful) . 

- 

Two lateral  photographic  stations  located 4 cm on either  side of the 
center of the  flame  were  employed  for  each  liquid  in  each  flame.  The  drop- 
let  trajectory  between  measuring  stations  was  thus  symmetrical  with  respect 
to the  radial  temperature  profile  in  the  flame  and  comprised  the  central  8  cm 
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of a 19 cm-diam flame. (On  the  basis of thermocouple  radial  temperature 
t raverses ,  we  estimate  that  the  mean  gas  temperature  in  this  region is 
- 90% of the  centerline  temperature.) 

Figures 4 through 6 are   i l lustrat ive of the  results  obtained  under 
typical  conditions.  Prevailing  local  droplet  velocities  were  calculated  from 
their known production  frequencies  and  the  observed  droplet  spacings on the 
"beamt'  photographs.  Velocities s o  measured  agreed  satisfactorily  with 
those  predicted  from  the  measured  volumetric  flow  rates  and  vena  contracta 
diameters; l6 they  decayed by approximately 4 to 8% between  stations. 

A  few  points  concerning  Figs.  4  through 6 are  worth  mentioning. 
In all cases,  droplet  motion is from  right to left.  Station No. 1 in  the  photo- 
graphic  plane is 4 c m  to the  right of center of the  burner  axis (i. e . ,  the 
droplets  are  entering the measuring  zone);  Station No. 2 is 4 c m  to the . 
left of center.   In  most  cases,   the  beam  was  dispersed  into a 2-dimensional 
vertical  spray  (with  only  slight lateral dispersion) by the  time it reached  the 
left-hand  side; this is clearly  evident  in  Figs. 4B  and  5B.  Note,  however, 
that in  Fig. 5A (Freon E-8 at  Station No. l ) ,  the beam is already  quite 
ragged, a phenomenon  which occurred  fairly  consistently  with  this  highly 
viscous  liquid  and  was  presumably  due to some  unusual  jet  instability at the 
capillary  tip.  The C8F18 photographs a r e  of particular  interest:  note  that 
in  Fig. 6A there is no flame,  demonstrating  that  in  the  absence of this per- 
turbation, the beam  maintains its integrity  over a great  distance ( -18 cm - -  
- 2500 orifice  diameters - -  from  the  capillary  tip).  Figure  6B  illustrates 
the  problem of droplet  coalescence,  which  was  quite  severe  with C8F18; 
note  that two droplets  are  visible  which  are  noticeably  smaller  than  the 
others--these are un-coalesced  droplets, as deduced  from  the  analysis of 
many  such  photographs.  The  degree to which  coalescence  has  occurred  can 
be  estimated by counting  the  number of droplets  per  frame;  since  there is 
no  operative  mechanism  other  than  evaporation by which  droplets  from  the 
original  beam  can  become  smaller,  the  measurement(from  numerous photo- 
graphs) of these  minirnum-sized  droplets is justified. 

As a final  note,  Fig. 7 illustrates a particularly  vexing  problem 
encountered  with  these  jets,  namely satellite jet  formation. l9 Unless  the 
voltage  on  the  transducer is carefully  tuned,  these  satellites  appear  (often 
several  at a time)  and  spray off the  capillary  tip  in  random  directions. (The 
photograph  shown is a rare   instance of virtual  coaxiality of the  main  and 
satellite  jets.)  Even  when  the  voltage is held  quite  constant,  the  operating 
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characterist ics of the  capillary  assembly  tend  to  drift  slightly,  causing  the 
satellites  to  appear  and  disappear  unpredictably. A detailed  experimental 
and  theoretical  treatment of the  production of beams of uniformly  sized 
droplets is given  in  Ref. 19. 

B. Decomposition  Kinetics  Measurements 

The  experimental  approach  followed  in  this  phase of the  present 
study  was  the  standard  one  for  the  sampling of neutral  species  from  flames, 
as described  in  the  treatise by Fristrom  and  Westenberg.22  This  technique 
involves  the  insertion of a quartz  sampling  probe  into  the  flame  gases  and 
continuously  withdrawing a sample  which is channeled  directly  to  the  inlet 
of a mass  spectrometer  or  some  other  suitable  analytical   instrument.  
Chemical  species  concentration  profiles  can  be  obtained by varying  the 
burner-to-probe  disfance,which  corresponds  to  changing  time  along  the  flame 
reaction  coordinate. * 

A schematic of our  apparatus is shown in  Fig. 8. Flat, pre-mixed, 
9 .1  cm-diam  flames  (see  Table IV) were  burned at pressures   f rom 10 to 
100 Torr.  Sampling  was  performed at the  centers of the  flames  over  dis- 
tances  up to 5 cm  from  the  burner top.  Sulfur  hexafluoridet  was  metered 
by'a  gas  microburet  and  pre-mixed  with  the  flame  gases;  perfluoro-octane 
liquid  was  metered by a syringe  pump,  vaporized  in a heated  venturi  injec- 
tor,  and  likewise  pre-mixed.  Attempts  to  introduce  Freon  E-8  vapor  into 
the  flames  were  unsuccessful  due  to  the  extremely  low  vapor  pressure of 
this  liquid  (see  Table 111). It should  be  noted  that  instead of the  conventional 
fine-drawn  quartz  capillary  probe  tip  used  in  most  flame  studies,  we found 
it necessary  to  use a blunted  tip$  with a small  orifice ( - 50-1 50 pm  diam) 
at its  center;  this  was  done  to  cool  the  tip  and  thereby  slow  the  otherwise 

+ This  technique  was  also  employed by Fenimore  and  Jones12  in  their 
study of SF6 decomposition  kinetics. 

tThe  Matheson  Company,  East  Rutherford N. J. ; purity  was  greater 
than  98.0  vol. '$0. 

$Satin-surface  Vitreosil,  Thermal  American  Fused  Quartz Co. , 
Montville, N. J. 



rapid  attack of hydrogen  fluoride  on the probe.  Cylinders of copper  foil 
inserted  into the probes  to  catalyze  radical  recombination  reactions  were 
employed  (pressures  inside  the  probe  were - 20 times lower  than  outside-- 
i. e. , - 0.5-5  Torr).  In  experiments  performed  with  and  without  these 
inserts,   they  were found  to  have little effect  on  apparent SF6 decomposition 
ra tes  . 

The mass spectrometer  employed  was  an  AeroVac  Model  685, 
equipped  with a Model  514-01  high-temperature  electromagnet  system. 
This  instrument is of the  magnetic  deflection  type,  with a mass range of 
1-500 amu, a resolution of 250 amu,and a sensitivity  nominally  in  the 10 
Torr  range. It employs  72 e V  ionizing  electrons;  ion  acceleration is var ia-  
ble  between 20 and 750 V, with a hyperbolic mass separation  distribution. 
In the  present  study,  useful  peak  intensities  were  not  obtained  in  sampled 
flame gases beyond 150 amu; mass calibration  was  done  with Hz, N2, Ar ,  

- 13 

and SF6. 

The  cracking  pattern of perfluoro-octane  has  not  previously  been 
reported. It consists  (for  72 eV electrons) of seven  relatively  strong  ion 
peaks,  listed  below  in  decreasing  order of arbitrary  intensity  units: 

Species  Mas s f  amu Intensity 

CF3+ 69 100 

C2F5+ 

131 

17 

15 

W,+ 100 13 

CF+ 31 11 

W 8 +  188  2.5 

C5Fll 
+ 269 1.8 



In  addition to these,   there  are  dozens of minor  peaks*  which a r e  of no use  
in  kinetic  studies;  the  parent  peak, at mass 438, was  extremely  weak. 
Time  and  funds  did  not  permit  evaluation of the  effects of modifying  the 
instrument to  reduce  the  energy of the  ionizing  electrons  from  72 eV. F o r  
our  purposes,  the two predominant  masses, 69 and 119, were  the  most 
suitable  for  tracking  in  the  flames. 

III. RESULTS AND  DISCUSSION OF  PRESENT INVESTIGATION 

The  results of these  unique  studies  are, we believe,  both  significant 
in  their  implications  and - -  in  some  respects - -  surprising (e. g. , the 
unexpectedly  slow  observed  rates of SF6 decomposition;  Section III. B. 1). 
It is appropriate to  point  out at the  onset of this discussion,  however,  that 
in a very  real  sense  the  present  investigation  must  be  regarded as prefatory 
to more  extended  and  refined  studies.  Thus,  measurements of f ree   mole-  
cular  droplet  evaporation  rates  in  less  complex  environments  than  the  pres- 
ent  flames  and  less  subject to  intrinsic depth-of-field/jet-instability accuracy 
limitations5  (as, e. g. , by the  use of holographyz3)  should  be  actively  pursued 
in  future  studies.  Although  AeroChem is presently  exploiting  techniques 
discussed by  Gaydonz4 to  spectroscopically  measure  low-pressure  flame 
rotational  temperatures,  the  techniques  were  not  available  for  this  study 
and  we were  obliged to  use  calculated  adiabatic  flame  temperatures  and 
compositions  in  the  interpretation of our  results. 

Thermocouple  centerline  temperature  traverses  employing  junctions 
of different  diameters  were  taken  in  several of the  flames  studied.  However, 
after  analysis  the  data  were  rejected  for  the  following  reasons: (1) catalytic 
heating  due to atom  and  radical  recombination  could not be  satisfactorily 
suppressed  (silica  coatingsz5  did  not  help,  as  these  were  (somewhat  errat- 
ically)  vaporized  in  the  high-temperature  flames of the  present  study)  and 
(2) theoretical  interpretation of the  data  indicates  strongly  that  the still 

'Ic Note  that  the  liquid  consisted of only  63  v01~70 n-C8F18; of the 
residue, 27% consisted of branched-chain  isomers.  The  remaining 10% 
comprised  homologous  perfluoroalkanes. 
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further  complicating  effects of free  molecule  limitations on  incident  thermal 
fluxes  to  even  relatively  large (i. e. ,. 1020 pm  diam)  radiation-cooled  thermo- 
couple  probes a re   severe   in   these  flames. (Characteristic  Knudsen  numbers 
were  on  the  order of 0.1 .) After  considerable  experimental  and  analytical 
effort,  we  were  reluctantly  forced to the  conclusion  that  the  use of thermo- 
couples is inadequate to unambiguously  determine  true  flame  temperatures 
at low  pressures.  Indeed,  use of previously  recommendedz5  (continuum) 
concepts to infer  true  peak  flame  temperatures  in a 7C0/402  f lame  at  10 
Torr  from  thermocouple  measurements  (with  wires of  255 , 510,  and 
1020 p m  diam)  leads to values  ranging  from 2100 to 2700 K, depending 
primarily on wire  size.  (These are to be  compared  with a calculated  adia- 
batic  equilibrium  flame  temperature of 2541 K.) Simple  extrapolation to 
zero  junction  size is not reliable,  primarily  because  free  molecule limita- 
tions  become  most  severe  for  the  smallest  sizes. 

A. Thermal  Accommodation  Coefficients 

Selected  nominal  properties of the  liquids  employed  in  these  studies 
are  shown  in  Table III; characterist ics of the  flames (at 10 Torr )   a re  shown 
in  Table 11. The  property  evaluations  given are based  largely on  (1)  JANAF 
thermochemical  data, 26 (2)  Svehla’ sM and  Moelwyn-Hughes’ 28 compilations, 
(3)  combinatorial  and  estimating  techniques  described by Hirschfelder, 
Curtiss,  and  Birdz9  and  Reid  and  Sherwood, 30 and (4) manufacturers’  l i tera- 
ture  for  the  fluorocarbon  liquids. 3 1 ~  3z In particular,  the  Lennard-Jones 
collision  diameters of perfluoro-octane  and  Freon E-8 have  been  estimated 
from  the  parachor  (Ref. 29, p. 356);  the  intermolecular  spacing  in  the  bulk 
liquids  has  been  calculated on the  basis of Clusius  and  Weigand’ s model. 33 

Droplet  evaporation  rates  observed  in the present  experiments  (using 
the  techniques  discussed  in  Section =.A) are  summarized  in  Table V; their 
interpretation  in  terms of free  molecule  incident  heat  flux-limited  evapora- 
tion  kinetics is summarized  in  Table VI. The  following  quasi-steady-state 
theory  has  been  utilized  in  the  interpretation of the  observed  droplet  evapora- 
tion rates : 

1.  Droplet  evaporation  rate  theory. - Figure 9 shows  the  conceptual 
heat  transfer  model of an  evaporating  droplet  used  here  in  theory  formulation. 
Neglecting  radiation  and  chemical  reaction,  we  regard  the  heat  transfer  flux 
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to the  droplet   surface  qi   to  be determined:: by the  free  molecular  thermal 
flux  originating  (conceptually)  from  a  spherical gas envelope at   temperature  
TI,  located  one  mean  free  path ll from  the  droplet  surface.  Adopting 
Brock' s34 postulateCjustified - a poster ior i  by the  present  experiments)  that 
internal  degrees of freedom  remain  essentially  unequilibrated  in  the  very 
short  contact  time  between  incident  inert  molecules  and  the  droplet  surface, 
translational  energy  transfer is the  dominant  heat  transfer  process,  with 
the  result  that 

In Eq. ( l ) ,  2k is the  mean  translational  specific  heat of molecules  emerg- 
ing from  the  gas;7  the  term (TI - Ts) is seen to be  the  "temperature  jump; 
the t e rm V is an  effective  kinetic  mean  thermal  velocity,  defined  here by 

which  also  defines YE, an  effective  kinetic  mean  molecular  mass. 

Under  quasi-steady-state  conditions , the  flux  given by Eq. (1)  is 
balanced by the  evaporation  heat  flux, i. e. , 

Combination of Eqs: (1) and (3) yields  the  following  results,  through  the 
use  of which ET was  calculated7  from  the  observed  evaporation  rates: 

':< At low  incident  speed  ratios  (drift to mean  thermal  velocity), as 
in  the  present  experiments. 

tThus,  we  have  implicitly  assumed  that  steady-state  droplet  tempera- 
tures  were  attained by the  time  droplets  reached  Station No. 1, which  was 
immersed - 6 cm  in  the  f lame, i. e. , - 10 cm  from  the  capi l lary  (see 
Fig. 3) .  Estimates of sensible  vs  latent  heat  requirements  indicate  that 
at the  observed  levels of heat  flux  this  assumption is reasonable. 
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The  temperature T1 in  Eq. (4) has  been  calculated by reasoning  that 6;  i s  
maintained by the  effective  convective  thermal  flux  arriving  at  the  spherical 
envelope ( a t  TI; see  Fig. 9) from  the  external  gas, i. e . ,  

where,  from  simple f i l m  theory,36 

4;l = ( d4-211 ) (T, - T,) 

In Eq. (6) ,  the  prevailing  transfer  coefficient Nu is  related36 to the  trans- 
fer  coefficient  in  the  absence of net   mass   t ransfer  Nuo  by 

Nu/NR = [In (1 t B)]/B (7) 

and,  for  spheres, 

Nuo = 2 + 0.6 Pr1l3 ( 9 )  

Equation(9) is h0-S to be  valid  (with 1 << d)  for  spheres  sharply 
bounded at a radius of d/2. We assume it valid  also  for  spheres bounded 
by a kinetic  sheath  (see  Fig. 9 ) --i. e.,  a  "sink"  surface--of  radius 
( d t 21)  /2; this premise  seems  reasonable  when(as  in  the  present  experi- 
ments)  the  forced  convection  contribution to Nuo is relatively  small (i. e . ,  
when 0.6 Re'/2 Pr1l3 << 2). After  rearranging  terms,  the following  equa- 
tion  relating T1 to  observed  evaporation  rates is obtained: 

LS ( 2Nu0:. > ( d  t 21, ) [*I (10) 

- d  pSc 

Equation (10) has  been  used to calculate  the  values of TI shown in 
Table VI, with X and  c  evaluated at the  arithmetic  mean film tempera- 
ture  (i. e . ,  at (TI  t Tao) 72).  As is evident,  heat  transfer to the  droplet 



surfaces is essentially  determined by kinetic  limitations  in  the  present 
experiments.  This is indicated  most  clearly by the  high  ratios of 
(TI - Ts)/(Ta - TI). ( I n  the limit of continuum  flux  limitation,  the  latter 
ratio would approach  zero.) 

Finally,  neglecting  reflected (io eo, incident)fluxes of vaporized 
molecules  for  present  purposes,  the  evaporative  heat f l u x  may  also  be 
written  in  terms of the  molecular  flux  from  the  droplets: 

4: = Ls &&' = aLns  (vs  /4) Ls NAM 

where a L  is the  Langmuir  evaporation  coefficient. By combining  Eq. 
(11) and  Eq. (1) and  rearranging  terms,  the  following  equation  for  the  steady- 
state  ratio of ps (the  saturation  partial   pressure at T s )  to  the  ambient 
pressure  pa is obtained: 

Equation (12) yields ps and  therefore  the  droplet  surface  tempera- 
ture  for  a  given  set of conditions.  Calculated  values of Ts  shown in 
Table VI were  obtained  from Eq. (12),  using a value of unity  for a (on 
the  basis of the  most  recent  experimental  evidence3*)  and  using  the  theoreti- 
cal  values of E also shown in  Table VI (these  values  are  discussed in 
Section III.A.5 7. An interesting  result  of these  calculations is that Ts 
for  water  droplets is predicted to  be  below  the  equilibrium  freezing  tempera- 
ture  in  the  flame  environments of the  present  study;  for  example, 23 K 
of supercooling is predicted  for  water  droplets  in  the CO/02 flame at 5 Tor r  
(see  Table VI). That  superficial  crystallization  did not occur  was  evidenced 
by the  observation of droplet  coalescence  in  the  flames  (Section 1I.A ). This 
is consistent  with  observations of Kuhns and  Mason39  which  indicate  that 
supercoolings  in  excess of 30 K are  required to freeze  water  droplets of - 100 pm  diameter. 

2. Water.-  As  can  be  seen  in  Tables V and VI, observed  rates of 
diameter  decrease  were  slowest  for  water  droplets;   their   measurement 
was  made  difficult  principally by the  smallness of the  observed  changes. 
Standard  deviations of -Ad,  the  mean  observed  diameter  change,  are 
included  in  Table V for  water;   they  are  seen  to  be  an  appreciable  fraction 
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(from 8 to 32%) of the  mean  and  thus  account f o r  the  rather  appreciable 
scatter  in the results shown in  Table VI. No meaningful  trend  with  either 
composition,  temperature,  or  pressure  can  be  extracted  from  the  experi- 
mental  values of E T  shown  in  Table VI; the  results  are  summarized by 

- 
a T  = 0.76 f. 0.14 

3. Perfluoro-octane,-  Significantly  faster  rates of diameter  decrease 
were  observed  with  this  liquid  than  with  water.  The  measurements summa- 
rized  in  Tables V and VI are   expressed  by 

= 0.17 & 0.04 

4. Freon E-8.- The  low  purity  (Table 111) of this high-boiling  liquid 
mixture  (and  hence  the  probability of partial  fractionation  during  the  course 
of the experiments)  and  the  difficulties  in  stabilizing  highly  viscous  Freon 
E-8 droplet  beams  (Section ll.A) were  additional  complicating  factors  in 
these  experiments.  The  measurements  summarized  in  Tables V and VI a r e  
expr e s sed by 

5. Discussion,-  The  present  experiments  have shown  quite  clearly 
that the  apparent  translational  thermal  accomodation  coefficients of liquids 
subject  to  collision fluxes of high-temperature  gases  can  differ  significantly 
from  unity,  although,  equally  clearly, a need  exists  for  more  refined  experi- 
ments.  Based on the  present  results  (Table VI), in  which ( 1 )  ET is appar- 
ently  bounded by unity*  and (2) no appreciable  trends  toward  enhancement  in 
measured  values of (IT are  observed  in going from  air  flames,  with  relatively 
low  atom  and  free  radical  concentrations, to oxygen flames, where  the  con- 
centrations  are  relatively  high  (Table 11), we  infer  that  chemical  and  other 
contributions  to  incident  heat  fluxes are relatively  minor.  Thus,  we  conclude 
that  only  translational  energy  transfer  from  the  gas  to  the  liquid is required 
to  describe  incident thermal fluxes. 

* In this  work, XT has  been  interpreted as corresponding  to  trans- 
lational  accommodation  only.  Thus, i f  chemical,  rotational,  vibrational,  or 
electronic  contributions  were  significant,  experimental  values of ET would 
not  necessarily  be bounded  by  unity. 



As yet no theories of thermal  accommodation  between  gases  and 
liquids  have  been  specifically  formulated. We will  show,  however,  that 
the  earliest  theoretical  effort  (by  Baule&  in 1914) to describe  gas-solid 
lattice  thermal  accommodation,  although  long  since  discredited,  was  in 
fact  based on a rather  good model  for  high-temperature  gas-liquid  thermal 
accommodation.  Indeed,  Baule' s theory  predicts  gas-liquid  thermal  acc omrno- 
dation  coefficients  in  agreement  with  the  present  results,  within  the  error 
limits of the  data. 

Baule  applied  classical  theory to a model  in  which gas and  surface 
molecules  behave  like  elastic  spheres. In particular,  lattice  interactions 
a re   p resumed to  be  negligibly  weak  during  gas-surface  encounters;  thus 
Baule' s concept of the  surface is essentially  that of a super-dense  gas. 
Objections to applying  Baule' s model to low-temperature  gas-solid  lattice 
encounters  are  severe,  as  discussed  elsewhere."  However,  for  high- 
temperature  gas-liquid  encounters: 

1 .  Classical  rather  than  wave  mechanical  theory  should  be  applicable, 
since  the  mean  de  Broglie  wavelengths  (h/mivi) of the  incident  gas  molecules 
are   small   re la t ive to liquid  intermolecular  spacings.  (For  example, at 
2000 K, the  mean  de  Broglie  wavelength of Nz is 0.116 A .) 

2. For  collisions  not  significantly  involving  chemisorption  phenomena 
(as, apparently, in the  present  experiments),  essentially  elastic  initial  gas- 
liquid  encounters  can  be  anticipated,  provided  that  incident  thermal  energies 
(2RT  cal  mole'l  for  kinetic  incident fluxes'8) are   large  re la t ive to prevailing 
heats of physical  adsorption  (on  the  order of kcal mole-1)'. Elastic  encounters 
will  also  result if stabilization of sorption  complexes by dissipation of sorp- 
tion  heats t o  intervening  third  bodies is not  favored  during  the  lifetime of 
the  complexes.  Although  the  limitations of applying  the  elastic  collision 
assumption to high-temperature  gas-liquid  encounters  are  not now known, 
we  infer - a posteriori  from  the  essential  (statistical)  agreement  between 
experiment  and  theory  evident  in  Table VI that  the  elastic  primary  collision 
model is a reasonably good  one. 

3. Baule' s assumption  that  each  surface mass point  behaves as an 
independent  elastic  suspension  (with  respect to its neighbors)  during  gas 
encounters  has  been shown" to be  unquestionably a poor  one  for  gas-solid 
lattice  interactions.  However,  when  the  dense  phase is relatively  unstructured 
--as are  liquids--Baule' s assumption is much  more  likely to be  correct. 
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Baule first analyzed  energy  accommodation  for  single (i. e. , pri-  
mary)  encounters of arbitrary  temperature  distribution  function,  with  the 
often-quoted  result  that 

(1)  2mM a T  = 
(m + M ) ~  

He  then  made  the  intuitive  approximation  that  all  incident  gas  molecules 
which a r e  not  reflected  from  the  surface by their first encounter  with  a 
surface  layer  molecule  become  enmeshed  in  the  dense  phase  and  leave it 
only after  becoming  effectively  completely  accommodated to the  surface 
temperature.  Thus, i f  v ( l )  is the  reflection  coefficient  for  incident  mole- 
cules  experiencing  only  one  encounter  with  a  surface  molecule, 

a (1)+  T (1 - (1 - y’”) 
In an  elegant  derivation,  the  results of which  appear to have  been 

generally  overlooked,  Baule  next  evaluated v (I). If we  (1)  approximate 
the  effective  gas-liquid  molecular  potential  function by a  Lennard-Jones 
potential, (2) substitute  modern  gas  kinetic  parameters  for  the  effective 
hard-sphere  collision  diameter  appearing  in  Baule’ s theory, i. e. , make 
the  substitution 

where 52 is the  appropriate  collision  integral  (evaluated  at  the  incident 
gas  temperature)  compiled by Hirschfelder  et  al. , 29 and (3) regard  the  inter-  
molecular  dense  phase  surface  spacing as not as an  adjustable  parameter 
(as did  Baule)  but as the  average  bulk  dense  phase  intermolecular  spacing aL, 

P 

then  Baule’ s resul t   for  u (I), evaluated  for  thermal  incident  fluxes  obeying 
a cosine  distribution  law,  may  be  rewritten  as 
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Values of a T , v T , and a T predicted by the  above  theory  for 
various  incident gas molecules at 2500 K  and  for thk liquids  studied  in  the 
present  investigation  are  compiled  in  Table VII. Finally,  values of ET 
computed f rom 

(1) (1) 

are shown  in  Table VI for  the  experimental  environments of the  present 
study.  Although  refinements to both  the  present  measurements  and to 
Baule' s theory (as here  reinterpreted)  can  and  undoubtedly  will  be  made 
in  future  work,  the  present  results do appear to be  compatible  with  theoreti- 
cal  predictions  based on Baule' s classical  framework. 

B. Decomposition  Kinetics 

Characteristics of the  flames  employed  in  the SF6 and CsFl8 decom- 
position  kinetics  studies  are shown in  Table IV. W e  note  that  the  flames 
used  in  both  studies  were  identical  except  for  added  SF6  or CsF18; equilibrium 
calculations  (Table IV) were,  however,  made  only f o r  the flames  containing 
SF6.  We also  note  that  argon (0.2 to 1.4  vol.%)  was  usually  added  to  these 
flames for mass identification  purposes;  in  runs  performed  both  with  and 
without  argon,  there  were  no  significant  changes  in the observed  kinetics. 

1. Perfluoro-octane.-  Vapors of this  substance  decomposed  rapidly 
in  the  environments of the present study.  Representative  decay  profiles 
( in   an HZ/Oz flame at 10 Tor r )   a r e  shown  in  Fig. 10. As  previously  men- 
tioned  (Section II. B), C8F18 was  necessarily  monitored  indirectly  in the 
flames  via  the  dominant CF3+ and CzF5 peaks  from its cracking  pattern. 
Relative  contributions of parent (C8FlJ and  daughter  fragments to these 
peaks  cannot  be  separated;  we  note,  however,  that  each  peak  decays at 
essentially  the  same  rapid  rate (see Fig. 10) with  little  change  in  the 
CF3+/C2F5+ peak  ratios as the  decomposition  proceeds. We  infer  from 
these  observations  that  daughter  free  radical  fragments  which  could  contri- 
bute CF3+ and/or CzF5' to  the  ion  spectrum  are  short-lived  in the flames 

+ 
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studied.*  According to  this  interpretation, CF,' in  the  spectrum is likely 
to be a reasonable  indicator of the C8F18 concentration in the  environments 
of present  interest,although  this  point  requires  further  verification. It i s  
important to note,  however,  that  significant  quantities of CFzO were  pro- 
duced  in  the CO flames  (see  Fig.  11,  which  shows  representative  results 
obtained  in a CO/Oz flame  at  40 Torr)  , although  the  kinetics of CF,O reac-  
tions  were  not  quantitatively  studied. CFzO was  not  detectedin  the HJOz 
flame  (Fig. 10). 

Observed  decomposition  rates  inferred  from  the  essentially  linear 
diffusion-corrected  semi-log  slopes of the  decay  profiles  and  the  flame 
velocities  (following  the  procedures  discussed in Ref. 21) are   summarized 
in  Table VLII. Estimates of H atom  concentrations  in  the  flames  with 
additive  were  obtained  as  follows: 

1. In the HJO, flame, [HI was  inferred  from  the  ratio of the  resi- 
dual (i. e.,  final)Hz  in  the  probe-sampled  gases  (see F ig .  10)  to the  initial 
Hz mole  fraction;  since H sampled  from  the  flame  recombines  in  the  probe, 
a correction  was  applied on  the  basis  that H and Hz in  the  residual  hydrogen 
a r e  in their  equilibrium  ratio (i. e. , - 1 : 1, see  Table IV).  

2. In the CO/Oz and  CO/air  flames, [OH] was  first 'estimated  from 
the  observed  initial  decay  rates of GO on  the  basisz2  that 

= kCO [GO] [OH] 
d GO 

dt 

whe r e4' kc- = 5 x exp  (-600/RT)  cc  sec" (20) 

Next,  since GO and GOz were  observed  (see  Fig. 11) to reach  steady-state 
values at about  their  equilibrium  ratio, we reasoned  that  the  reaction 

* It is perhaps  relevant to  note  that  reactions  between 0 (and  presum- 
ably H) atoms  and  unsaturated  perfluorocarbons  are known to be  rapid.4' 
It therefore  seems  highly  likely  that  equivalent  reactions  with  perfluoro- 
carbon  free  radicals  are  also  rapid,   as we infer  from  the  results of the 
present  study. 
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is essentially  equilibrated  in  the  post-flame  gases.  Thus, 

where KCO/CO, is  the  equilibrium  constant  for Eq. (21). (Upon further 
verification,  this  novel  and  simple  method  for  estimating  mean  values of 
[OH] and [HI should  prove  most  useful  in  future  combustion  studies.) 

The  observed  decay  rates  are  best  interpreted  as  corresponding to 
the  reaction 

Values of kH a r e  shown  in  Table VIII. We note  that  efforts to explain  the 
observed  results  in  terms of other  reaction  partners fail to rationalize 
the data.':: Using  procedures  reviewed by Semenov  (Ref. 43, p. 29 ff.),we 
estimate  the  activation  energy  for  Eq.  (23) to be - 4 kcal  mole-'.  Values 
of k d e x p  (-4000/RT) a re   a l so  shown in  Table VIII, from  which  we  con- 
clude  that 

Reasons  for  not  guessing  the  temperature  exponent of the  pre-exponential 
factor  in Eq. (24)  without more  definitive  information  are  suggested  else- 
where. 4 4 ~  45 

2. Sulfur  hexafluoride.-  This  substance  decomposed  anomalously 
slowly  in  the  environments of the  present  study;  representative  decay  pro- 
f i les   a re  shown  in  Figs. 10 and 11. Fenimore  and  Jones''  had  previously 
observed  that SOz is formed  in  flames  at  about  the  same  rate at which SF6 
decomposes.  Our  observations  are  similar  in  this  regard:  the  spectrum 
of  SF, ion  fragments  remained  essentially  unchanged as decomposition  pro- 
gressed,  indicating  that  reactions  leading to final  products  are  rapid  rela- 
tive to  the  initial  decomposition  reaction  in  the  present  environments.  Feni- 
more  and  Jones,  however,  interpreted  their  decomposition  results  in  terms 

:Ic The  rapid C8F18 decay  rates  observed  in  the  Hz-rich  regions of the 
Hz/Oz flame  (Fig. 10) clearly  indicate  that OH was  not  the  dominant C8F18 
reaction  partner  in  these  studies,  since  in  Hz-rich HZ/Oz flames, [HI >> [OH].43 
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of a relatively  rapid  reaction  between SF6 and H atoms;  this we do not  con- 
firm,  as  evidenced by the  very  slow  rate of SF6 decay  observed  in  the  H2/02 
flame  (Fig. 10). Indeed,  efforts  to  rationalize  the  slow SF6 decomposition 
rates  summarized  in  Table VIII in   terms of a reaction  with  any  single  flame 
species by means of a simple  Arrhenius  expression all fail. For  the  rea- 
sons  discussed  below, we  have  concluded  that  the  dominant (i. e. , rate- 
determining)  decomposition  reaction in the  present  environments is 

- 

A s  discussed  below,  the  rate  "constant" kM in Eq. (25) is apparently 
strongly  enhanced at higher  pressures  and at lower  temperatures by contri- 
butions of vibrationally  excited  states  lying  near  the  dissociation  continuum. 
However, at pressures  below - 40 Torr  and  temperatures  above - 2500 K, 
these  states  are  apparently  not  populated  rapidly  enough to materially  enhance 
the  basic  rate of reaction  arising  from  activation by simple  translational 
energy  transfer  in  encounters  between  the  species M and SF6 in  their  ground 
states. We conclude  that  at  such  low  pressures  and  high  temperatures, 

kM = ( 3  & 1.1) x  10-l'  exp (-70 000/RT) cc  sec-' (26) 

3. Discussion, - The  observed  rapid  decay  rates of C8F18 vapor, when 
interpreted  in  terms of reaction  with H a toms,   a re  so near  to what  one would 
predict a priori  that  they  require  little  discussion. On the  other  hand,  the 
anomalously  slow  observed  rates of SF6 decomposition  in  the  same  low- 
pressure,  high-temperature  environments  as  employed  in  the C8F18 studies 
come as a surprise  in  view of the  kinetic  results  reported by Fenimore  and 
Jones, lZ Medica, 13r 49 and Bott, Thompson,  and  Jacobs14  at  higher  pressures 
and  lower  temperatures. 

Fenimore  and  Jones  measured SF6 decomposition  rates  in  H2/02/Ar, 
CzH2/02/Ar  and  Hz/N20/Ar  flames a t   p ressures   f rom 80 to 160 Tor r  and 
temperatures  from 1300 to 1940 K. They  concluded  that  their  results  were 
compatible  with  either a unimolecular  decomposition  process  or a reaction 
dominated by H atoms. On the  basis of their  observed  apparent  activation 
ene.rgy of  oinly  30 kcal  mole-'  and  an  estimated bond energy of 65-75  kcal 
mole"  for SF6 (i. e. , for  the  reaction SF6 - SF5 f F), Fenimore  and  Jones 
rejected  unimolecular  decomposition  as  an  explanation of their   results.  
They  suggest 
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Use of Eq. (28) predicts a value of - 6700 sec-'  for  the  product 
kH [HI in  the H2/0, f lame of the  present  study  at 10 Torr,  corresponding 
to the  anticipated  value of -d  In[  SFb]/dt.  From  Table VIII and  Fig. 10, 
however, it is evident  that  the  observed  value of -d  In  [SF,]  /dt  for  this 
flame is only 19 sec". Some of the  discrepancy  could  be  due to actual 
flame  temperatures  in  the  present  study  being  below  adiabatic  equilibrium 
values;  however, to totally  resolve  this  discrepancy  (and  also  those  indi- 
cated below)  on this  basis  alone  requires  unreasonably  low  actual flame 
temperatures.   For  example,   the  actual  temperature  in  the Hz/Oz flame at 
10 Tor r  would  have to be - 1300 K rather than  the  adiabatic  value of 2486 K. 
Although  this  point  requires  further  confirmation,  on  the  basis of both  past 
experience 46,47 and  the  thermocouple  traverses  previously  mentioned we  do 
not  believe  that  actual  flame  temperatures  in  these  studies  were  more  than 
a few  hundred K lower  than  adiabatic  equilibrium  values.  Thus,  we  are 
forced to conclude  that  Fenirnore  and  Jones'  reported  kinetics  are  not  con- 
firmed by the  present  observations.+  Additionally,  efforts to rationalize  the 
results shown in  Table VIII in terms of H atom-dominated  decomposition 
also  fail. When one  further  considers  that  Fenimore  and  Jones"  activation 
energy of  30 kcal  mole-' is abnormally  high  for  exothermic  H-atom  reac- 
tions  (see, e. g. , the  compilation of H-atom  rate  constants  given  in  Ref. 
48),  one  is  obliged to conclude  that  Fenimore  and  Jones'  results  probably 
do  correspond,  after all, to unimolecular  decomposition.*  This  conclusion 
is also  reinforced by the  recent  work of M o d i ~ a l ~ ) ~ ~  and of Bott, Thompson, 
and  Jacobs. l4 

Modica  has  measured SF6 decomposition  kinetics  in  shock-heated 
argon at 1060 Torr  and  at   temperatures  between 1700 and 2100 K. His 
results  may  be  written49 as 

kM 
M t SF6 + SF, t F t M 

kM = 1.5 x 1O-I' exp  (-39 000/RT) cc  sec-1  (30) 

;c The  possibility  that  Fenimore  and  Jones'  observations  correspond 
to  reactions of H  atoms  with  vibrationally  excited  (by - 30 kcal mole") s ta tes  
of SF6--a  mechanism  not  necessarily  operative at the  low  pressures of the 
present  study--cannot  be  entirely  discarded,  but  seems  remote. 



ModicaI3  recently  performed  thermodynamic  measurements  which 
yielded a value of 65.2  kcal  mole-'  for  the first bond of SF6; this  strongly 
indicates  that  the  pre-exponential  factor of kM in  Eqs. (26) o r  (30)  cannot 
be  written  in  simple  temperature-independent  Arrhenius  form  for  the  condi- 
tions of his  experiments.  Since,  according to all rate  theories,  E in  the 
expression k = A( T) exp(  -E/RT) must be at least  equal  to  the  endothermic 
heat of reaction,  Modica' s results  indicate  an  approximately  T-7  dependence 
of A(T).  Such a strong  temperature  dependence of A(T) is characterist ic 
of unimolecular  decompositions; 50 accordingly, as pressure  decreases at 
constant  temperature, kM in  Eqs. (26) o r  (30)  would  not  be  expected  to 
remain  constant. 

- 

Bott,  Thompson,  and  JacobsI4  have  recently  shown  that kM is 
indeed  pressure-dependent.  Their  studies of SF6 decomposition  kinetics 
in  shock-heated  argon  were  conducted at temperatures  in  the  range  1700- 
2050 K and at pressures   f rom 100 to 3400 Torr.  They  interpret  their  results 

, in terms of unimolecular rate theory  and  conclude  that  the  energy of the 
first bond in SF6 is 75.4  kcal  mole-',  which  disagrees  with  the  above-cited 
determination of 65.2  kcal  mole" by Modica. For  present  purposes,  it 
seems  sensible  to  suggest  the  use of a mean  value  for  the bond energy of 
(70 + 5) kcal  mole-'.  At a pressure of 100 T o r r  (the lowest  studied),  the 
experimental  results of Bott,  Thompson,  and  Jacobs  may  be  expressed as 

- 

kM = 1.5 x exp  (-70 OOO/RT) cc  sec-'  (31) 

As is evident  from  Eq. (31) , Bott,  Thompson,  and  Jacobs'  rate  con- 
stant (at 100 Torr)  has a pre-exponential  factor - 3 orders  of magnitude 
higher  than  that  for  simple  collisions ( - 3 x 10"' cc  sec-l),  which  strongly 
indicates the participation of vibrationally  excited  states  in  their  experi- 
mental  environments.  Referring  to  the  values of kM/exp  (-70  000/RT) 
obtained  in  the  present  study  and  summarized  in  Table VIII, it is  evident  that 
the present   resul ts   are   in   essent ia l   agreement   with Eq.  (31)  only for  the 
CO/air  run at 100 Tor r  and 1666 K. Indeed, at lower  pressures  and  higher 
temperatures  the  .observed  kinetics  appear  to  approach  those  typical of 
encounters  between  species  essentially  in  their  ground  states,  with a "nor- 
mal" pre-exponential  factor of - 3 x 10"' cc  sec-'. 
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A  tentative  explanation of this  otherwise  puzzling  result is as follows: 
McCoubrey, 51 in  extended  studies of vibrational-translational  energy  transfer, 
has  reported  that - 1500 collisions  are  required  to  transfer  one  vibrational 
quantum  (presumably  from  the  lowest-lying,  triply-degenerate 345 cm-' 
mode)  in SF6 a t  300 K. If we neglect  the unknown effects of temperature;: 
and  composition  excursions, it is simple  to  estimate  that - 1 x l o 5  colli- 
sions (i. e. , 1500 x 70  000/2.86 x 345) are  required  to  bring SF6 up to its 
dissociation  continuum by vibrational  excitation  in  the  absence of any  deac- 
tivation  whatever. On the  basis  that  excited  states  near  the  dissociation 
continuum a r e  depleted by rapid  reaction  only, it is then  possible  to  calcu- 
late  maximum  relative  contributions  to  the  kinetics by vibrationally  excited 
states as opposed  to  reactions  involving  translational  activation of species 
essentially  in  their  ground  states.  Invoking  an  operative  collision  pre- 
exponential  factor of - 3 x lo-'' cc  sec-',  we  find  that  the  maximum  rela- 
tive  contributions  kM,  vibration max 

/'M, translation exp (70 OOO/RT)/105 

a r e  of the  order of 10 inthe  highest  temperature  flames  (Table VIII) and of the 
order  of l o 4  in  the  flame at 1666 K; the  ratios of observed  values of 
kM/exp (-70 000/RT)  follow  this  trend,  although  absolute kM values   are  of 
course  smaller  than  kB$cibration,  because  non-reactive  deactivation of 

excited  states - is important. 

Thus, we  conclude  that  the  results  obtained  in  the  present  experi- 
ments at high temperature (> 2500 K) and  low  pressure (< 40 Tor r )   a r e  
consistent  with  relatively  slow  vibrational  excitation  in  these  environments. 
This  unexpected  conclusion  has  significant  implications  (e. g. , slow  decom- 
position  kinetics  in  rarefied  environments)  and  should  be  exploited  in  future, 
more  extensive  studies. 

:: According  to  the  Landau-Teller  theory, 52 the  probability of vibra- 
tional  energy  transfer  per  collision would be  proportional to the  exponential 
of a negative  term  with a reciprocal  cube  root  dependence on T; small 
temperature  exponents would then  be  anticipated. 

t Dilution  with Ar  would presumably,  but  not  necessarily,  increase 
the  required  number of collisions.  Water  apparently5'  has  little  effect on 
the  number of collisions  required. 
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IV. IMPLICATIONS TO RE-ENTRY 

It  seems  appropriate  to  note  at  this  point  that  the  present  study  has 
pointed  to  the  dominance of translational  energy  transfer in  determining 
vaporization  and  vapor  decomposition  kinetics  in  low-pressure,  high- 
temperature  flames  and  therefore  (presumably)  re-entry  flow  fields. In 
this  section,  some  applications  and  extensions of the  expe’rimental  findings 
will  be  discussed  briefly. 

A. Thermal  Accommodation  Coefficients of Droplets 

Engineering  evaluation of droplets  as  distributed  sources of (possibly) 
electrophilic  vapors  in  re-entry  flow  fields,  as  heat  sinks,  or  as  heterogeneous 
recombination  sites  obviously  requires  an  ability  to  predict  droplet  evapora- 
t ion  rates  (as  well   as  init ial   mean  droplet   sizes;   see Ref. 5). As  previously 
discussed  (Section I) , evaporation  rates  are  directly  proportional to values 
of the  prevailing  thermal  accommodation  coefficients  in  the  re-entry  flow 
fields of present  concern. We have  shown  in  this  study  that  accommoda- 
tion  coefficients  characterizing  translational  energy  exchange  between 
incident  high-temperature  thermal  gas  fluxes  and  liquids  can be significantly 
less  than  unity, in accord  with  the  theoretical  concepts  originated by Baule. 
What,  however, would characterize  the  same  process  in  the  free  molecular 
re-entry  environment, in which  incident  fluxes a re   l a rge ly  - not  random,  but 
directed? 

We have  explored  this  problem  theoretically,  using  Baule’ s appar- 
ently  successful  formulation (as modified  in  Section 1II.A. 5) as  an  init ial  
basis. A simple  extension of Baule’ s theory  leads,  after  appropriate  inte- 
gration  to  evaluate  the  mean  value  over  the  entire  reflecting  surface  (using 
Baule’ s functions), to  the  following  expression  for L J ~ )  , the  mean  reflec- 
tion  coefficient  (for  single  gas-liquid  encounters)  for  directed  gas  fluxes 
incident on spherical  surfaces: 

2 r 
v ( I )=  P ‘m m 

D (1’c) 1l-m- (32) 
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Combination of Eq. (32) with 

a ~ , ~ =  a~ 0 )  4- (1 - .y) (1 - v p )  

and - 
aT,D = Fxi a T , D , i  (33) 

leads  to  the  predicted  values of ET, D shown  in  Table IX for  the  liquids 
employed  in  the  present  study.  The  calculations  shown  are  for a dissociated 
air (i. e. , Nz/O) plasma at 5000 K. Other  predicted  properties,  such as 
relative  atomized  mean  droplet  size  (based on the  correlation  discussed  in 
Ref. 5), relative  jet  Weber  number,  and  relative  free  molecule flow mean 
droplet  evaporative  lifetime,  are also shown  in  Table IX. It is evident  that 
both  perfluoro-octane  and  Freon E-8 jets  are  predicted  to  have  better  break- 
up  characteristics  than  water, as well  as  significantly  shorter  droplet 
evaporative  lifetimes. 

B. Low-Pressure,  High-Temperature  Decomposition  Kinetics 
of Electrophilic  Vapors 

Evaluation of flight  applications  in  which  the  decomposition  kinetics 
of electrophilic  vapors  are  crucial  parameters is currently  needed.  To 
assist such  evaluation,  we  have  compiled  the  interim  decomposition  mechan- 
isms for SF6 and C8Fls vapors shown in  Table X. However, we stress  that:  

1. Table X is an  interim  compilation  reflecting  our  current  assess- 
ment of what are   c lear ly  as yet  incompletely  understood  complex  kinetic 
mechanisms. 

2. Table X is specifically  restricted  to  the  low-pressure (< 40 Torr) ,  
high-temperature (> 2500 K),  uncontaminated,  dissociated ([O] > [O,]) air 
re-entry  environments of present  interest  (see  Section I). Extrapolation to  
other  regimes is very  likely to  lead  to  serious  error  because of (1) vibra- 
tional  excitation  enhancement of decomposition  rates  (assumed  negligible 
in  Table X on the  basis of the  results of the  present study).  and (2) profound 
kinetic  effects of such  contaminants as H atoms. 
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3.  Although  they are  entirely  consistent  with  the  results  obtained 
in  the  present  study,  the  mechanisms  shown  in  Table X a r e  in  large  part 
speculative. 

As is evident  from  Table X, much of the  requisite  thermochemical 
data is unavailable  or  in doubt. Where  available,  we  have  used  JANAF 
data; 26 when necessary,  we  have  read  between  the  lines  in  Heicklen’ s 
comprehensive  halocarbon  kinetics  and  thermochemistry  review. 41 Activa- 
tion  energies  in  Table X have  been  approximated  from  the  estimated  heats 
of reaction,following  the  simple  techniques of Semenov.43 In the  Arrhenius 
expression k = A exp ( -  E/RT), A has  been  estimated as follows:  (1)for 
reactions  with  appreciable  activation  energy, A has  arbitrarily  been 
estimated as half the  hard-sphere  collision  factor at 2500 K (largely on the 
basis of th.e SF6 decomposition  results  obtained  in  this  study)  and (2) for 
0 atom  reactions  with  low  activation  energy, A has  been  estimated  from 
the theory of Kurzius  and B ~ u d a r t , ~ ~  using  structural  and  spectroscopic 
parameters  obtained  (or  estimated)  largely  from  compilations by S ~ e h l a ~ ~  
and  JANAF. 26 

Restraint  has  been  exercised  in  selecting  what  we  believe to  be  the 
kinetically  most  significant.  reactions,  since  decomposition  kinetics  must 
be  incorporated  into  already  exceedingly  complex  computational  schemes. 
Finally,  although  reactions  involving  charged  species a r e  not  considered 
here ,  they are obviously  essential  to  the  full  exploitation of the  interim 
decomposition  mechanisms  shown  in  Table X. 

V. CONCLUSIONS  AND RECOMMENDATIONS 

In  the  present  study of vaporization  and  decomposition  kinetics  in 
high-temperature (1670  to 2660 K), low-pressure ( 5 to  100 Torr)  
H2/CO/02/air  flames, it has  been  shown  that: 

1 .  Translational  energy  transfer is  apparently  the  rate-limiting 
process  in  the  kinetics of both  droplet  vaporization  and  molecular  decom- 
position  for  the  liquids  and  vapors  studied.  Specifically,  measured  water, 
perfluoro-octane,  and  Freon  E-8  free  molecule  droplet  evaporation  rates 
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are  consistent  with  the  effective  transfer of translational  energy  only. 
Measured SF6 decomposition  rates  (T > 2500 K; p < 40 Torr)   are   consis tent  
only  with  reactions  not  involving  vibrationally  excited  states--which  is 
contrary  to  observations of other  workers  at  lower  temperatures  and  higher 
pressures .  

2. Measured  translational  thermal  accommodation  coefficients of 
water  (0.76 t 0.14),  perfluoro-octane  (0.17 + 0.04), and  Freon E-8 
(0.22 - t 0. lorare  in  agreement,   within  the limits of the  data,  with  predic- 
tions  based on  Baule' s classical  theory (as reinterpreted  in  this  study). 

3. Extension of Baule' s theory  to  directed  (as  opposed  to  random) 
incident  gas  molecular  fluxes  leads  to  the  following  predictions of transla- 
tional  thermal  accommodation  coefficients  for  spherical  droplets  in  dissociated 
air at 5000 K: water,  0.79; perfluoro-octane, 0.30;  Freon E-8, 0.47. 

4. Sulfur  hexafluoride  decayed  slowly in the  environments of the 
present  study,  whereas  perfluoro-octane  decayed  relatively  rapidly.  Under 
these  conditions, SF6 is apparently  inert   to  free  radical (i. e. , H, 0,  OH) 
attack; C8F18, however,  reacts  rapidly  with H atoms.  The  observed  decom- 
position  kinetics are   expressed by the following  rate-determining  reactions 
and  rate  constants: 

M + SF6 Products; 

k = 3 x lo-'' exp (-70 000/RT)  cc  sec-l(T > 2500 K; p < 40 Torr)  

H + C8F1, -. Products; 

k = 4 x 10"' exp (-40OO/RT) cc  sec" 

We offer  the  following  recommendations: 

1 Studies of the  effectiveness of non-equilibrium  attachment of 
free  electrons  to  electrophilic  vapors  (such as SF6 and C8F18) in  high- 
temperature   (T > 3000 K), low-pressure ( p  < 40 Torr),  oxidizing  environ- 
ments  are  urgently  required to assess  the  degree  to  which  such  vapors  can 
enhance  homogeneous  de-ionization  rates  in  re-entry.  Interpretation of the 
results of such  studies  in  terms of kinetic  mechanisms  and  rate  constants 
is  essential  for  their  rational  extrapolation  to  re-entry  plasma  sheaths, 
especially  since  the  latter  cannot  be  duplicated  in  ground  test  facilities. 
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2. As  the  necessary  inputs  become  available,  optimizing  flow-field 
flight  support  calculations of externally  injected  liquid  jet  effects on re-entry 
blackout  suppression  obviously  must  eventually  incorporate:  (1)  jet  penetra- 
tion,  breakup,  and  distribution, (2) droplet  vaporization  and  heterogeneous 
de-ionization  kinetics , and (3)  vapor  decomposition  and  homogeneous 
de-ionization  kinetics. We recommend  that  the  results of this  study  be 
incorporated  in  such  calculations  and  for  this  purpose we include  suggested 
interim SF6 and C8F18 vapor  decomposition  mechanisms  and  rate  constants 
for  use  in  low-pressure,  high-temperature,  uncontaminated  Earth  re-entry 
flow  field  calculations,  as  well as predicted  thermal  accommodation  coeffi- 
cients of candidate  liquids  in  the  environment of interest. 

3. Baule’ s apparently  successful  theory, as extended  herein,  per- 
mits  a  priori  prediction of thermal  accommodation  coefficients  in  high- 
temperature  gas-liquid  encounters.  Extension  and  exploitation of the  experi- 
mental  techniques  developed  in  this  work is urged  in  order  to  better  assess 
the  limitations of (and  thus  to  refine)  the  theory.  Improving  the  quality of 
the  measurements  (e. g. , by using  holography)  would  be  most  desirable. 

4. On the  basis of our  finding  that  participation of vibrationally 
excited  states is much  less  likely  in  reactions at low pressures  and  high 
temperatures  than  in  more  usually  accessible  experimental   regimes,  it is 
suggested  that  kinetic  mechanisms  intended  for  use  in  such  environments 
be  re-examined  in  terms of the  degree  to  which  incorporated  rate  constants 
implicitly,  and  perhaps  erroneously,  include  large  contributions  due  to 
excited  states. 

5. After  identification of successful  candidate  re-entry  blackout 
suppressants  (other  than  water),  the  kinetics of their  decomposition  and 
de-ionization  mechanisms  should  be  studied  in  depth  in  order to optimize 
performance.  Pressure,  composition,  and  temperature  regimes  employed 
in  such  studies  must,  however,  overlap  the  regimes of practical   interest  
for  the  results  to  be of use. 

AeroChem  Research  Laboratories,  Inc. 

Princeton, N. J . ,  15  August  1968. 
a  subsidiary of Ritter  Pfaudler  Corporation 
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TABLE I 

INJECTION  PARAMETERS 

Water  Perfluoro-octane  Freon  E-8 

Orifice  diameter, pm 70.0  72.0  62.5 

Transducer  frequency, kHz 10.0 7.5  15.0 

Injection  pressure,  psia  14.7  14.7  14.7 

Initial jet  velocity, cm  sec - l  422 26  1 3 16 

Initial droplet   diameter,   pm 147  133  114 
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TABLE II 

FLAME CHARACTERISTICS  (EVAPORATION STUDIES) 

pa, = 10 Torr ;  C+ = 7/8 

C O / O ~  CO/air 
Flame H J 0 2  %/air ( 4  (a) 

T, K 2573  2146  254 1 2147 

Molecular  weight,  amu 15.3  24.7 34.2 32.3 

mNA,  amu 7.23  22.1  32.4  31.3 

c cal 8-l K-' 

X, 1 0 - ~  cal K-' cm-l  sec-' 6.45  3.14  3.45  2.92 

- 

P' 0.679  0.394 0 320  0.315 

H 

43.6 44.6 57.3 47.2 

3.1 3.9 5.7 4.6 

0.84 1.1 1.6 1.3 

40 5 284 28 5 297 

Composition (Mole Fractions) 

1062  .0041 - 
.0537  0025  0672 

. 1018  .0119 

.5204  .285 1 - 
1267 .0131 - 

- .0035 - 
" .6562 - 

.0912 0235 . 1934 

- - .3483 

- - .3911 

- 
.0033 

- 
- 
- 
,0046 

.6486 

.0405 

.0457 

.2573 

a 
These  flames  were  stabilized by addition of 1.3 vol. % methane, 

the  effects of which  were  omitted  from  the  calculations. 
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TABLE III 

SELECTED NOMINAL LIQUID PROPERTIES~ 

Wate r  

F o r m u l a  H Z 0  

Molecular   weight ,   amu 18 

Pur i ty ,   vo l .  % 100 

V a p o r   p r e s s u r e ,   T o r r   2 3 . 8  

Boiling  point, K (Normal  / 10 Torr)   373/284 

Heat of vaporizat ion,  cal g- '   (Normal/lO  Torr)  540/590 

Specific heat, cal g" K-'  0.998 

P e r f l u o r o -  
octane F r e o n  E-8 

~~ 

C8F18 

438 

90 

30 

375/280 

21.  l/b24. 1 

0.246 

F(CFCF3CF20)8CFHCF3 

1448 

b20 

bO.OO1 

b570/b430 

9. 0/b20. 1 

235 

Density, g cc-l (Normal/lO  Torr  boil ing  point)  0. 997/1.000  1.77/1.80  1.83/1.58 
A 
0 Viscosi ty ,  CP 0.894  1.45  31 

Surface  tension,  dyn' cm- l   72 .0   14 .8  b17 

e/k, K 809  b360 b6 10 

CM, A 2.64  b7. 4 bl 1 

aLC, A 3.34   7 .94  

b~ (= ~ L / U M )  1.26  1.07 

13.3 

1.21 

a 0 At  25 C unless   o therwise   ind ica ted ;   p roper ty   da ta   shown  for   f luorocarbon  l iqu ids  are those  
furn ished   by   the   manufac turers   (3M  Company  or   du   Pont ) .  

bEstimated; F r e o n  E-8 p r o p e r t y  estimates are  based   l a rge ly   on   ex t r apo la t ion   f rom smaller 
homologues of the F r e o n  E series. 

C At 10 Torr boiling  point. 



TABLE IV 

FLAME  CHARACTERISTICS (SF6 DECOMPOSITION STUDIES) 

Flame Hz102 co/o2 cob2 CO/air  CO/air 

T, K 2486 2602  2659  2242 1666 
p, Torr  10  20 40 40 
9 0.50 1.09  1.05 1. 13 
Flame gas velocity, 
cm sec-l 678 3  25  247  240 

Input  Composition  (Mole  Fractions) 

.4902 - - - 
- .6564 .6587 .2792 
- .007 1 .0047 .0068 
.4902 .3282 ,3294 . 1468 
- - - .5511 
.0098 .0034 .0023 . 0 135 
.0098 -0049 .0049 .0027 

Equilibrium  Composition  (Mole  Fractions) 

.0408 .0011 .0002 .0005 

.0597 .0548 .0499 ,0022 

.0002 .0045 . 0 130 - 

.0909 . 00 17 .0004 . .0016 

.4182 . 000 1 - .0048 

.0397 - - .0002 

.0667 ,029 1 .0210 . 0 180 
- - - .004 1 
- - - .6111 
.2616 .1453 .1456 .0214 
- .3744 .3637 .0606 
- .3795 .3978 .2575 
.Olll .0056 .0056 .0030 

.Olll .0038  .0026 . 0 150 
- - - - 

100 
0.58 

123 

- 
.1695 
.0034 
.1695 
.6373 
.0102 . 0 102 

- 
- 
.0288 
- 
- 
- 
. 0 144 . 00 15 
.6755 
,0748 . 000 1 
.1834 

. 0 108 . 0 108 

- 
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TABLE V 

OBSERVEDDROPLETEVAPORATIONRATES 

Flame pay Torr  dY tJ.m - A d ,  p m  
- - 

Water (7 = 415 cm sec-l) L 
CO/OZ 5 145 3.4 f 1.1 

co/oz 10 14 1 10.1 f 1.0 
c O/air 10  140 8.8 f 1. 1 

HJOz 5 144 9.7 f 0.8 

Perfluoro-octane (v = 251 cm  sec- l )  L 
CWOZ 5 99 23 
co/oz 10 94 58 
CO/air 10  105  29 

Hz/Oz 5 87 38 

H2/air 10 99  47 

Freon E-8 (v = 308 cm sec") L 
co/oz 5 79  46 
cWo2 10 87  58 
c O/air 10 92  33 
332/O, 5 74  64 
HJ air 10  95  26 

- 
A t .  msec  

--A +t, 
wm sec" 

20.3 
19. 1 
20.2 
20.0 

31.8 
33.3 
31.1 
32.2 
30.6 

26.4 
27.0 
27.5 
27.0 
27.2 

170 
530 
440 
490 

7 20 
1740 
940 

1180 
1530 

1740 
2150 
1200 
2370 

960 
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, 

i 

Flame P a ,   T o r r  

Wate r  

cob2 5 
cob2 10 
CO/a i r  10 
H Z b 2  5 

Pe r f luo ro -oc tane  

cob2 5 
el c0/02 10 

CO/air 10 
Hz/02 5 
Hz/air  10 

F r e o n  E-8 

cob2 5 
cob2 10 
CO/a i r  10 
Hz/02  5  air 10 

TABLE  VI  

EVAPORATION  KINETICS  RESULTS 

P,, T o r r  

0 .6  
1 . 2  
1 . 3  
0 . 7  

0 . 9  
1.9 
1.7 
2.0 
2.1 

1.1 
2 . 3  
2 . 1  
2.7 
2 . 5  

2484 
254  1 
2  147 
2507 

2484 
254 1 
2  147 
2507 
2  146 

2484 
254 1 
2  147 
2507 
2  146 

T1, K 

2430 
2350 
1950 
2420 

2460 
248 0 
2100 
2480 
2070 

2440 
2480 
21  10 
2470 
2  120 

Ts’ K 

250 
256 
257 
25  1 

248 
255 
25 2 
257 
258 

383 
391 
389 
3 94 
393 

a T 
E x p e r i m e n t   T h e o r y  

.57   .766  

. 9 0   , 7 6 6  

. 8 2   . 7 2 5  

.76   . 334  

. 18 . 141 

. 2 1  . 141 

. 1 2  . 128 . 14 . 128 . 17 , 1 1 1  

.37   . 283  

. 2 4   , 2 8 3  . 14  .282 

. 2 3   . 3 1 2  

. 0 9  . 281 



TABLE VII 

G a s  

H 

0 

OH 

H2O 

H2 

N2 

NO 

0 2  

co 
co2 

THEORETICAL  PRIMARY  REFLECTION AND 
THERMAL  ACCOMMODATION  COEFFICIENTS 

TI = 2500 K 

Wate r  
I 

Per f luo ro -oc tane  

. 100 1.198: 1 . 100 

.076  .982  .093 .500 .925  .537 

.072   .927   .140  .499   . 937   . 531  

.068   .929  . 134  .498  .959 .518 

.005  . 842  . 162 

.181 1.236-1 .181 .009  .881 .127 

.477  .660 .655 

.461   .531   .714  

. 120  .982 . 136  .468  .593 .685 

. 111 .995 .116 

.166 1.04851 .166 .412  .060 .965 

. i l l  .995 . i i 5  .477  .614  .679 

.127  .972  .152 

F r e o n  E-8 

a (1) 
T 

- 0 0  1 

.022  

.023  

.024  

.003  

.037 

.040 

.042 

.037 

,057  

V (1) 
T 

. 6 4 1  

.698 

.697 

.767 

.667 

.740 

.733  

.7  27 

.739  

.788 

a 
T 

.360  

. 3  17 

.319 

.252 

,335 

,288  

.296 

, 3 0 3  

.288 

.257 
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TABLE VLII 

OBSERVED  DECOMPOSITION RATES 
A. Perfluoro-octane 

- d In [CeF~eI/dt, 
p, Torr T, K x 10'~ H' io3 8ec-l - 

10 2486 23 1.4 

20 2602 2.7  4.8 

40  2659 0.85  2.0 

40  2242 0.84  1.2 

Flame p, Torr  T, K - 
Hz/Oz 10 2486 

W O Z  20 2602 

W O z  40 2659 

CO/air 40  2242 

CO/air 100  1666 

B. Sulfur  Hexafluoride 

- d In [SFbZ/dt, 
lo3 sec" 

0.0 19 

0.064 
0.080 

0.074 

0.079 

1.6 

2.4 

1.7 

0.8 

k " 
1 0 " ~  cc sec" 

4.9 

8.5 
5.5 

4.3 

1.4. 

kH/exp (-4000/RT), 
10-" cc sec-x 

3.6 

5.2 

3.6 

2.0 

kM/exp (-70 000/RT), 

1 0 - l ~  cc sec" 

4.0 

3.8 
2.0 

16 

960 



TABLE IX 

PREDICTED LIQUID PROPERTIES IN FREE MOLECULE 
RE-ENTRY FLOWS 

TCD = 5000 K; Ts = 10 Torr  boiling  point 

- 
a 

T, D (N, + 0 plasma) 

Relative  jet  Weber  number 

Relative  atomized  mean 
droplet  size a 

Relativ  mean  evaporative 
lifetime 6 

Water 

0.679 

0.136 

0.280 

0.659 

0.926 

0.854 

0.786 

1 

1 

1 

Perfluoro-octane 

0.735 

0.772 

0.794 

0.315 

0.326 

0.295 

0.302 

4.9 

0.45 

0.086 

Freon E-8 

0.527 

0.552 

0.562 

0.484 

0.47 1 

0.459 

0.468 

4.2 

0.47 

0.041 

a Based on the  correlation  discussed  in  Ref. 5 and  properties  shown 
in Table III. 

b 

a and  properties  shown  in  Table In. 
Based  on  atomized  mean  droplet  size,  free  molecule  evaporation, - 

T, D' 
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TABLE X 

INTERIM  DECOMPOSITION MECHANISMS FOR SF6 AND  C8F18 VAPORS 
IN HIGH-TEMPERATURE UNCONTAMINATED AIR AT LOW PRESSURE 

T > 2500 K; p < 40 Torr  
(Vibrational  excitation of reactants assumed  negligible) 

COI > [oZ1 > m 6 1  or 

A Hf3 , kcal mo1e-l 

1. S F 6 + M - S F 5 + F + M  

2. SF5 + 0 - SF40 + F 
3. SF40 + 0 - SF30 + OF 

4. SF30 t 0 - SOzF2 4- F 

5.  SOzFz+ 0 - SOzF + OF 

6. SOZF + 0 - SO2 + OF 

7. O F + O ' O Z + F  

C8F18 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

70 

-45 
a 

25 

a 

a -50 

35 

30 

a 

a 

-65 

a 

a 
75 

60 

Estimated  Rate Constant 

[k = A exp ( -  E/RT) ] 
A, cc sec-' E, kcal rno1e-l ~. 

3 x 10-l0 

1 x 10-l1 

3 x 10-l0 

1 x 10-l1 

3 x 10"O 

3 x 10-l0 

5 x 10-l2 

5 x 10-l0 

6 x 1 0 - l ~  
1 a - 

'nF2n+1 + O - Cn-1  F2n-l t -95 9n2 X 10"' 

CFzO (n = 2 to 8) 

CF3 + 0 - CFzO + F -75 2 x 1O"l 

CFzO + 0 - CFO t OF 80 3 x 10"O 

CFO + 0 - GO + OF -20 1 x 10-l1 

O F + O ' O Z t F  -65 5 x lo -=  

70 

0 

30 

0 

40 

35 

0 

75 

60 

0 

0 

80 

5 

0 

a Estimated, using  JANAF  thermochemical  data  where available. 26 
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68- 266 

LIQUID a 
5pm TEFLON  FILTER 

GLASS CAPILLARY 

TOP VIEW 
VIBRATING TRANSDUCER 

FRONT VIEW 

FIG. 1 APPARATUS  FOR  PRODUCTION O F  UNIFORMLY SIZED DROPLETS 
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i 
FIG. 2 BREAKUP O F  A WATER JET  FROM  AN  ACOUSTICALLY  DRIVEN  CAPILLARY 
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ALUMINUM  ADAPTER VACUUM  CHAMBER 
(46 cm diam. Pyrex 1 

CAMERA BODY 
PYREX WINDOW 

PYREX WINDOW 

ALUMINUM RADIATION SHIELD 

OSCILLATOR 

ul 
0 

FIG. 3 DROPLET  EVAPORATION  MEASUREMENT  APPARATUS  (TOP VIEW) 
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FIG. 4 
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A. STATION 1 
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Q 
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B. STATION 
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- ""-A 

H ~ O  DROPLETS IN A 10 TORR CO/AIR 
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A. STATION 1 
" "" "" " .  

3 

5 

0 

0 
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0 
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a 

0 _ _ _ _ _ ~ .  

B. STATION 2 

FIG. 5 FREON  E-8  DROPLETS IN A 10 TORR CO/AIR FLAME 
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0 0 a 

0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

A. STATION 2 (NO FLAME) 

B. STATION 2 

FIG. 6 Ce??,, DROPLETS 

- ~ ~ 

(FLAME 

IN A 10 TORR CO/AIR. 
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FIG. 7 SATELLITE  JET  FORMATION IN A J E T  O F  WATER DROPLETS 
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TO MASS 
SPECTROMETER 

TO McLEOD 
GAUGE QUARTZ  SAMPLING 

PROBE ( 8 mm 1.8.) 
FLAME FRONT 

PRE-MIXED FLAME 
GASES and ADDITIVE 

FIG. 8 FLAME GAS  ANALYSIS APPARATUS (SIDE VIEW) 

I 

." 



68-268 

FIG. 9 CONCEPTUAL  HEAT  TRANSFER  MODEL  OF 
AN EVAPORATING  DROPLET 
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w a 

DISTANCE FROM SAMPLING PROBE TO BURNER, cm 

FIG. 10 DECOMPOSITION OF CsF18 AND SF6 VAPORS 
IN A 10 TORR HZ/Oz FLAME 

C8F18: 0.5 ~ 0 1 ~ 7 0 ~  SF6: 1.0 ~01.70 (dashed curves) 
(See  Table IV fo r  flame characteristics. ) 
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IO0 il I I I I I I " 

1- 

10- ' 

io-* 

10-3 

IO- 

IO 

IO 

0 I 2 3 4 5 6 

DISTANCE FROM  SAMPLING  PROBE TO BURNER, cm 

FIG. 11 DECOMPOSITION  OF C8Fl8 AND SF6 VAPORS 
IN A 40 TORR CO/Oz FLAME 

C8Fl8: 0 . 2 5  vol. 70 - or  SF6: 0 . 5  vol. 70 (dashed  curves) 

(See  Table IV f o r  flame  characteristics. ) 
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